It has been reported that the occurrence of "Heat wave" conditions is increasing in different parts of the world. This increase in heat extremes is expected to lead to increasing levels of discomfort to the human beings. In addition, there are loss of working hours, adverse health impacts and deaths depending on the severity and duration of the heat extremes. It is well known that meteorologically it is not merely the rise in temperature which causes human discomfort. Temperature coupled with high humidity, low wind and impervious clothing form major causes of discomfort. Above all, the type of physical activities being undertaken in these adverse conditions is one of the important factors to decide the stress and strain encountered by a person. Studies on biometeorology have been carried out by several scientists for over a century and a number of heat indices have been developed which quantify the level of discomfort or heat stress in their working environments. Today, observed meteorological parameters as well as corresponding model outputs are freely available from several sources which can be used for estimating the values of heat indices at any location. Both dynamical and statistical downscaling methods are very useful in this regard. In this study, some of the commonly used heat indices have been calculated for the four major cities of Delhi, Mumbai, Chennai and Kolkata using daily observed parameters from the India Meteorological Department ( 
Introduction
Extreme weather events (e.g. the frequency of occurrence of intense rainfall, warm and cold events) are on the rise along with the rise of global average temperature 1 . Temperature and rainfall extremes in India have been examined by several authors 2, 3, 4 . Such extreme weather events have adverse impacts 5, 6, 7 on agriculture, human health, generation of power, water availability and several other aspects concerning the society. Environmental heat stress is one of the direct effects to human health which is caused due to local changes in the atmosphere and the "urban heat island" effect. Usually, human body maintains its core temperature 8 at around 37 0 C while skin temperature is maintained at a little lower temperature. When there are changes in the surrounding weather condition leading to warmer temperature, our body tries to gain equilibrium with it. This happens through physical processes of radiation to the body, of convection via blood flow, of conduction through cooler objects and also through evaporation of sweat. We do not feel comfortable when our body is unable to maintain the required temperature. Higher outside temperatures alert the thermoregulatory mechanisms 9 of our body and when this mechanism starts failing, one faces marked discomfort. Depending on the severity of the incident, there may be heat cramp, exhaustion and finally heat stroke. Similar situation is also experienced by a person doing very hard work even under normal temperatures. Even when the temperature is not so high, more humidity, impervious clothing and no wind may restrict evaporation of sweat 10 and hence can create extreme discomfort.
The interaction of the human body with the surrounding air is an environmentally complex process and it varies from person to person depending on his activity, metabolic rate and the clothing. Hence, it is difficult to get deterministic values for heat stress without involving approximations. Heat indices 9 can be categorized as direct, empirical and energy balance indices. Direct indices are estimated based on important meteorological parameters such as air temperature, wind velocity, humidity and heat radiation. Empirical indices use heart rate and rectal temperature. Energy balance indices, model human interactions 11 with the environment and are more difficult to estimate. It may be noted that the study of heat strain indices is more involved with a lot of physiological interpretations.
Today, health warning systems are widely used in several countries. The heat wave in Europe 2003 triggered the development of health warning systems 12 in cities which did not have any. A number of cities in France and Greece use indices with one or two meteorological parameters. In USA, the method of Spatial Synoptic Classification (SSC) is also prevalent where discomfort is attributed to a range of meteorological conditions. India is yet to develop its plan for heat related warnings at a national level. Being a vast country, India comes under four climatic 13 groups which can be further subdivided into six climate zones. At any time of the year, the variation of climate across the length and breadth of the country is wide. Some cities face extreme temperature conditions and others are very humid without much wind. In addition to extreme meteorological conditions, the polluted air in the cities adds to human discomfort which is increasing day by day. Therefore, it is very important to map India with respect to different heat indices and examine whether it is viable to identify any particular heat index for its use in estimating human discomfort and subsequent early warnings.
The inter-annual variations of heat indices over four cities in India have been examined 14 . These indices are mixed in nature so far as heat stress and strain are concerned. Based on the preliminary results obtained in their work, in this study we have re-examined the characteristics of some of the used heat stress indices such as Heat Index (HI), Humidex, Wet Bulb Globe Temperature (WBGT) and Universal Thermal Climate Index (UTCI) at the same four cities in India. Considering the importance of heat stress studies in India, the present study is focused on the heat stress indices alone. Earlier, the work place heat stress in Delhi, India had been estimated 15 .
Daily mean surface temperature, relative humidity and wind speeds from four selected cities in India such as Delhi, Mumbai, Chennai and Kolkata during the period 1975 to 2005 are utilised here to calculate the values of the four heat indices at the respective cities. These meteorological fields are obtained from IMD. Similarly, RegCM simulated daily fields are also utilised. Monthly mean values of the three climatic parameters and the four heat indices are calculated and analysed here with a view to compare the RegCM downscaled products with the corresponding observed values.
Heat Indices
As mentioned earlier, in this study, we discuss the four widely used heat indices HI, Humidex, WBGT and UTCI for four selected metropolitan cities of India under full shade conditions (no heat/direct radiation from the sun). These indices are directly calculated by using the daily values of air temperature, relative humidity and wind strength obtained from observations recorded by IMD and also from simulations made by using RegCM. No attempt has been made to calculate more complicated heat indices which involve complex interaction between humans and the environment. The four indices are briefly stated below.
Heat Index (HI)
The Heat Index (HI) was first proposed by Rothfusz 16 . It uses the concept of how a person would feel when kept in a room (indoor) with ambient (outdoor) conditions, and the temperature is made to vary. It is often used in the USA to describe heat stress, and it does not include any links to work or sports activities. HI is calculated using regression expressions with various factors which influence human biometeorology like vapor pressure and effective radiation all expressed in one equation in terms of temperature and relative humidity. Absolute humidity with a dew point of 14°C is chosen as a reference for ambient conditions. The following formula is used to calculate HI:
Here T a is air temperature in °C and RH is relative humidity rounded up to its integer value in %.
Humidex
Humidex is used in Canada for general public heat stress assessments. The current formula for determining the Humidex was developed by Masterson and Richardson 17 . It combines temperature and water vapour pressure into one parameter to reflect the perceived temperature. Humidex uses a dew point of 7°C as a base. The formula used to calculate the Humidex is, H = T a + 0.5555 × (e-10)
Here H is Humidex index, T a is air temperature in °C and e is the water vapor pressure in milli bar (mb), which is calculated from the temperature and RH using the relation:
wet Bulb globe temperature (wBgt) The most commonly method to assess the work place heat stress is WBGT. It is also used to advise sports organizations on the suitability of holding events or practice sessions during hot days. The WBGT was developed by Yaglou and Minard 18 to control outbreak of heat illness in training camps of the US Army and Marine Corps. Originally, WBGT was an approximation of the corrected effective temperature. The US National Institute for Occupational Safety and Health (NIOSH) in 1972 accepted WBGT as the heat stress index for industrial use 19 . The international ISO standard 7243 was set based on WBGT 20 . It was recommended by the American Conference of Governmental and Industrial Hygienists for industrial use 21 . Being an acclaimed index accepted for a long time, WBGT has been used widely for accessing occupational health risks, physiological impacts on work capacity and discomfort at different levels of metabolic rate 8 . ACGIH recommends a threshold limit value (TLV) for exposure, alert and ceiling limits. These at given metabolic rates define what should be the proportion of working hours 21 and rest time and they have been considered 22 in the context of climate change. For heat radiation measurements (e.g. outdoors in the sun) WBGT introduced the globe temperature Tg which measures effect of radiation and wind speed on man. It uses an instrument consisting of a black globe fitted with an internal temperature sensor. The Tg sensor considers the human body to be like the black globe which absorbs all the radiation.
Over the time, WBGT has been calculated through a number of formulae. Various ways in which WBGT has been calculated using meteorological data have been compared in earlier study 23 . The formula of Liljegren 24 is the most suited one for calculating outdoor WBGT in the sun. For this study, we have used a macro developed by Lemke for indoor or in-shade estimates, which is based on WBGT calculation of Bernard and Pourmoghani 25 . WBGT is expressed as,
Here, T a is the air temperature in °C. Tg is assumed to be equal to T a in the absence of solar radiation. The calculation of the natural wet bulb temperature (T nwb ) is very complicated as it depends on the mean radiant temperature, the view and emissivity factors of the bulb, saturated vapour pressure,wind speed over the bulb etc. It is calculated by iterations using macro developed by Lemke and Kjellstrom 23 . We have calculated WBGT under outdoor shaded conditions where the actual values of winds are used.
universal thermal Climate Index (utCI) UTCI was developed in a European program COoperation in Science and Technological Research (COST) Action 730 working group that aimed at producing guidance for the general public on heat stress and cold stress within the same index (http://www.utci.org). UTCI was developed following the concept of an equivalent temperature. It is based on energy balance equation. While estimating UTCI, an environment is assumed where in a person walks at 4km/hr on the level. The UTCI is calculated using macro available on UTCI website (http://www.utci. org). The UTCI macro was converted into Visual Basic for Applications (VBA) from the FORTRAN source code supplied at the UTCI website: www. utci.org/utci_doku.php. The formula 26 to convert the dew point and the relative humidity to vapour pressure has been used in this study. We note that the results represent heat stress for indoor condition or in full shade outdoor condition. The advantage of UTCI is that it is based on the latest knowledge available in the field of physical, bio-meteorological and physiological sciences integrated together. However, the actual formulae are quite elaborate with a large number of factors. UTCI-Fiala model has been validated in almost all terrains with extremes 27 of temperature and humidity. Further, it was not validated at high humidity and high temperatures, the conditions which are usually experienced in India. Fixed values of clothing and work done are used in UTCI and these are not applicable to working people in India.
regCM Simulations
The Regional Climate Model version 4 (RegCM4) developed 28 at the Abdus Salam International Centre for Theoretical Physics (ICTP) has been used in this study. In brief, RegCM4 is a hydrostatic model that runs on Arakawa B-grid and employs an explicit time splitting scheme. The model includes multiple physics options, and for the experiment presented here it uses sigma-p coordinates with 18 levels in the vertical. For the calculation of radiative transfer, it uses the NCAR CCM3 radiation package. Land surface processes are simulated via the Biosphere-Atmosphere Transfer Scheme (BATS) 29 , while boundary layer processes are parameterized using the non-local formulation 30 . For convection, the Emanuel scheme 31 and Grell schemes 32 are used over land and ocean respectively. Large-scale precipitation is represented by the sub-grid explicit moisture scheme SUBEX A CMIP5 GFDL-ESM2M simulation (from IPCC AR5) is used to produce the initial and lateral boundary conditions. The RegCM4.3 configuration and driving Global Circulation Model (GCM) were selected based on extensive set of preliminary experiments which provided a realistic representation of the South Asia climate in present day conditions 34 . The detailed analysis of the model performance in simulating mean climate and extremes over different CORDEX domains conducted for the CREMA Phase I experiment has been discussed in earlier publications 34, 35 . The Indian summer monsoon circulation and associated rainfall have been successfully validated 36 against the rainfall values observed and prepared by IMD at 0.5×0.5 grids (IMD0.5) and NCEP/NCAR reanalyses. The model simulated surface temperature, relative humidity and surface wind from 1975 to 2005 (31yrs) are used in this paper.
results
The interannual variations are represented in terms of box and whisker plots using percentiles, since these are the most suitable ways to indicate the distributions of the three climatic parameters and the resulting four heat indices at the four selected cities. Each box plot is a non-parametric statistical summary of 31 years of rainfall. Each plot shows the median (the line in the box), the lower and upper quartiles (the lower and upper edges of the box) and the spread represented by minimum and maximum values (the ends of the whiskers). In the box plots, the bottom and top of each box indicate the 25 th and 75 th percentile (the lower and upper quartiles) respectively, and the band near the middle of a box is always the 50 
annual Cycles of Climatic Parameters
The annual cycles of the three most important climatic parameters which influence the heat stress at the four cities based on the IMD observed values and RegCM simulations are respectively depicted in Figure 3 . While analysing these three weather parameters, one should keep in mind that temperature is not the only parameter to identify human discomfort at any place. So far as the adverse effects of heat stress and discomfort factors are concerned, one needs to analyse the occurrences of high humidity and low wind strength also. It may also be noted that Figures 2 & 3 show the climatological values which are obtained after calculating mean values over space and time, whereas the actual daily maximum values are often higher than the monthly mean values.
As seen in Figure 2 , the distribution of observed temperatures at all the four cities in the 31 years of study lie within a very small range although intensity and month of occurrence of their maximum values vary from city to city. Mostly maximum temperatures are observed in the month of May. The maximum value of monthly temperature in Delhi can reach 40 0 C or more whereas in other three coastal cities the respective value is lower in the range of 30-40 0 C. In Delhi, the relative humidity is observed to have the highest value in August and the wind speed is close to its lowest value in the month of October. In Mumbai, the maximum value of relative humidity is observed in July whereas the wind strength does not change much throughout the year. In Chennai, maximum relative humidity is observed in October and the wind speed then is close to its lowest value. In Kolkata, the maximum relative humidity occurs in August and the wind has an average value of 2.5m/s during that period. Comparison of relative humidity distributions in the four cities brings out the fact that so far as the range of distribution of their maximum values are concerned, Mumbai has the least range followed by Kolkata, Chennai and Delhi in that order.
The mean values of wind range between 3-4m/sec in Delhi, Mumbai and Chennai and between 1.5-3m/ sec in Kolkata. Figure 3 shows the annual cycles of the three important weather parameters as simulated by In Delhi, the relative humidity is observed to have the highest value in September and the wind speed has average value of about 5.5 m/s at the same time. In Mumbai, the maximum value of relative humidity is observed in July whereas the wind strength is high at about 6.5 m/s then. In Chennai, maximum relative humidity is simulated in November and the wind speed is the lowest then. In Kolkata, the maximum relative humidity occurs in September and the wind has a medium value of about 7 m/s during that period. Comparison of relative humidity distributions in the four cities brings out the fact that so far as the range of distribution of their maximum values are concerned, Mumbai has the least range followed by Kolkata, Chennai and Delhi in that order. To be more correct, Kolkata and Chennai have almost similar ranges. This distribution of relative humidity is similar to that in Figure 2 . However, the ranges of the values of model simulated mean winds are much larger in Figure 3 than those in Figure 2 .
Thus the annual cycles of temperature and their spreads of maximum values as simulated by RegCM at the four cities are very close to those observed in the IMD data sets. In case of relative humidity, the simulated annual cycles are close to those observed from IMD data except at Kolkata. On the other hand, the annual cycles of winds and their maximum values simulated by the model at the four cities are different from those recorded by IMD. Since all these three weather parameters are important while estimating heat indices and human comforts, it will be interesting to compare the annual cycles of the heat indices based on IMD data and RegCM simulated fields.
annual Cycles of Heat Indices
The annual cycles of four important heat indices calculated using IMD station data and RegCM simulations are shown in Figures 4 & 5 respectively. Figure 4 is based on IMD observed surface temperature, relative humidity and wind speeds. The four cities display almost similar types of annual cycles although there are differences in maximum values and ranges. Detailed comparison reveals several similarities. The IQRs of all the four indices at the four selected cities are very small or small except for HI and Humidex at Chennai in the winter months and HI at Kolkata in May and June. Based on their spreads at all the four cities, WBGT seems to be the best index followed by UTCI, Humidex and HI in that order. Another interesting observation is that the annual cycles of three indices Humidex, HI and UTCI are closer to each other at all the four cities whereas that of WBGT is placed lower. The four heat indices peak in earliest in the month of April at Chennai, followed by in May at Mumbai and Kolkata and finally in June at Delhi. The IQRs of all the four indices at the four selected cities are very small or small except for HI at Chennai in the months of January to April and for Humidex at Kolkata almost all the year. As in case of IMD, based on their small spreads at all the four cities, WBGT seems to be the best index followed by UTCI. HI does not do well in Chennai and Humidex seems very bad in Kolkata. Another interesting observation is that annual cycle of HI is close to those of UTCI and Humidex in three cities such as Delhi, Mumbai and Chennai, whereas it is close to that of WBGT at Kolkata. With minor variations, the four heat indices peak in April-May in the four cities of Mumbai, Chennai and Kolkata whereas in Delhi it happens later in June. This is almost similar to that obtained in case IMD data. The most important deviation from Figure 3 is the characteristics at Kolkata. This could have happened due to the errors involved while downscaling GCM output by the RegCM. In general, the characteristics of annual cycles of the four heat indices at all the cities obtained from IMD observed data and RegCM simulations agree with each other to a large extent.
Monthly mean values of heat indices and their standard deviations are given in Table 1 rates of increase are less than 0.34 in all the four cities. Amongst all the months, the maximum decadal rate of increase in HI occurs in August at Kolkata with a value of 1.15. The corresponding maximum value of Humidex is 0.69 at Chennai in the month of November. In case of WBGT the corresponding value is 0.39 at Mumbai in January. The maximum decadal increase rate in UTCI is 0.91 in the month of August at Mumbai. These numbers do not lead to any conclusive inference on the decadal rates of increase in heat indices at the four cities, except that August is the most vulnerable month so far as the rate of increase in heat indices is concerned at all the four cities.
Inter-annual Variations of Heat Indices
It is essential to examine how the four indices vary from one year to the other at the four selected cities. The interannual variations in Humidex (Fig.7) show overestimation of Humidex values in the model simulations as against those based on IMD observations. More or less, the characteristics of variations in Humidex at the four cities are similar to those of HI with some exceptions. At Mumbai, the RegCM results are very close to observations. At Kolkata also the values are very close except that 
Discussion and Conclusions
Various studies have inferred that there is increase in the occurrence of heat extremes in India.
Observations also confirm the findings of these studies. The loss in life arising due to the rise in temperature is enormous and is a matter of grave concern. Indirect effects of these extremes in terms of diseases and human health are also important facts to monitor and to take appropriate precautions. There are also indications of enhancement of heat wave conditions in the future and obvious consequent adverse effects on the society. Such problems are not unique to India. Several other countries also suffer from such global changes issues. However, in several developed countries, relevant scientific studies have been conducted with a view to making use of the important findings in terms of their implementation to warn the people and in the process to save precious lives. Development of appropriate heat indices based on physiological measurements, country level mapping of the indices and their use in adequate people friendly early warning systems are key to the practical use of scientific investigation for the benefit of the society. In India, a number of industry specific heat indices, especially WBGT measurements have been made in some regions. Heat warning systems are also in place in couple of cities. Several scientific studies have also been conducted on the temperature extremes. However, no comprehensive study has been conducted so far to identify suitable heat index (indices) for the entire From the results obtained here, it cannot be inferred which of the four most used indices are more favourable than the others to be used for Indian regions. Nevertheless, results indicate that WBGT, which is one of the popular heat index globally, shows similar characteristics in its annual cycles and inter-annual variations in all the four cities considered here. This heat index is best represented by RegCM4.3. Hence, to start with WBGT can be used to map the whole of India in different months and years with a view to study its characteristics in detail. The climate projections from CMIP5 can be used to map not only WBGT but also other useful heat indices into the future after validation of the models. An ensemble of heat indices calculated using the model outputs which are reasonably good for Indian climate may be the first choice for comfort classifications for different regions of India.
The most important issue today is the measurement of WBGT for different parts of India and classification of human comforts over those regions with the involvement of local people. It may be noted that today, WBGT measurements are not routinely made in India. Hence efforts are going on, in project mode (sponsored by the Department of Science and Technology, Government of India), to measure WBGT and simultaneously human comforts based on the threshold values of WBGT in five cities in India starting from this year. Such activities can be enhanced by expanding the coordinated measurements to several other cities in India. This step will generate ground level data for a number of years which will eventually form the base data for future studies in human health in India.
The classification of human comforts are based on threshold values of the heat indices. There is a need to suitably tune the existing heat indices for the Indian conditions where the important surface parameters such as temperature, relative humidity, wind and solar radiation have wide variations. For the future, appropriate thresholds can be set up for various climate regions in India, by making corrections in the existing comfort classifications and making those suitable for Indian climatic conditions. Since air pollution also affects the atmospheric parameters, this aspect may further be introduced in the heat index estimates. Studies can also be performed to find out mortality with respect to circulatory problems or respiratory problems when temperature heat discomforts increase. 
